The N-Myc oncoprotein induces neuroblastoma by regulating gene transcription and consequently causing cell proliferation. Paradoxically, N-Myc is well known to induce apoptosis by upregulating pro-apoptosis genes, and it is not clear how N-Myc overexpressing neuroblastoma cells escape N-Myc-mediated apoptosis. The nuclear zinc finger protein LYAR has recently been shown to modulate gene expression by forming a protein complex with the protein arginine methyltransferase PRMT5. Here we showed that N-Myc upregulated LYAR gene expression by binding to its gene promoter. Genome-wide differential gene expression studies revealed that knocking down LYAR considerably upregulated the expression of oxidative stress genes including CHAC1, which depletes intracellular glutathione and induces oxidative stress. Although knocking down LYAR expression with siRNAs induced oxidative stress, neuroblastoma cell growth inhibition and apoptosis, co-treatment with the glutathione supplement N-acetyl-L-cysteine or co-transfection with CHAC1 siRNAs blocked the effect of LYAR siRNAs. Importantly, high levels of LYAR gene expression in human neuroblastoma tissues predicted poor event-free and overall survival in neuroblastoma patients, independent of the best current markers for poor prognosis. Taken together, our data suggest that LYAR induces proliferation and promotes survival of neuroblastoma cells by repressing the expression of oxidative stress genes such as CHAC1 and suppressing oxidative stress, and identify LYAR as a novel co-factor in N-Myc oncogenesis.
Neuroblastoma is the most prevalent solid tumour in early childhood, and accounts for approximately 15% of all childhood cancer death. 1 Amplification of the MYCN oncogene and consequent N-Myc oncoprotein overexpression occur in approximately a quarter of human neuroblastoma tissues, and correlate with poor event-free and overall survival rates in patients. [2] [3] [4] Like its counterpart c-Myc, N-Myc oncoprotein induces tumour initiation and promotes tumour progression by regulating gene transcription, [5] [6] [7] [8] resulting in incessant cell proliferation. Paradoxically, Myc overexpression can induce apoptosis by upregulating the expression of pro-apoptosis genes such as p53. 9, 10 It is not clear how N-Myc overexpressing neuroblastoma cells escape N-Myc-mediated apoptosis.
N-Myc oncoprotein is methylated and stabilized by the protein arginine methyltransferase PRMT5. 11 Although PRMT5 promotes MYCN gene-amplified neuroblastoma cell survival, 11 the mechanism of action is not clear. The transcription factor LYAR has recently been found to regulate target gene transcription by forming a protein complex with PRMT5, 12 and is essential for the survival of embryonic stem cells. 13 Here, we investigated the role of LYAR in MYCN overexpressing neuroblastoma cells. We demonstrated that LYAR mRNA and protein expression was increased by N-Myc and that suppression of LYAR induced neuroblastoma cell growth inhibition and apoptosis. Affymetrix microarray experiments were performed to identify LYAR target genes, and the prognostic value of LYAR gene expression in human neuroblastoma tissues was also evaluated.
Results N-Myc upregulates LYAR gene expression in neuroblastoma cells. Myc oncoproteins exert oncogenic effects by binding to Myc responsive element E-Boxes at target gene promoters and upregulating target gene transcription. 6 As our bioinformatics analysis revealed a Myc responsive element E-Box at the LYAR gene promoter, we examined whether N-Myc regulated LYAR gene expression. As shown in LYAR is required for neuroblastoma cell proliferation and survival. We next examined whether upregulation of LYAR induces neuroblastoma cell proliferation and survival. BE(2)-C and CHP134 MYCN gene-amplified cells were transfected with control siRNA or two independent LYAR siRNAs (LYAR siRNA-1 and LYAR siRNA-2) targeting different regions of LYAR mRNA. RT-PCR and immunoblot analyses showed that transfection with the LYAR siRNAs knocked down LYAR mRNA ( Figure 2a ) and protein (Figure 2b ) expression. Alamar blue assays showed that knocking down LYAR expression with siRNAs considerably decreased the number of viable neuroblastoma cells (Figure 2c ). The data suggest that LYAR is required for neuroblastoma cell proliferation and survival.
LYAR regulates oxidative stress gene expression. As a transcription factor, LYAR has been shown to repress target gene transcription by forming a protein complex with the protein arginine methyltransferase PRMT5. 12 We performed Affymetrix microarray experiments in BE(2)-C cells after transfection with control siRNA, LYAR siRNA-1 or LYAR siRNA-2 for 32 h. Differential gene expression analysis, excluding long noncoding RNAs and pseudogenes with no known functions, uncovered that the most robust gene targets of LYAR knockdown were upregulation of oxidative stress pathway genes: SLC7A11, HMOX1, ULBP1 and CHAC1 (Figure 3a) . All genes up-or downregulated by LYAR siRNAs by 41.5-fold, including SNORD41 which was upregulated by 42-fold, were listed in Supplementary  Table S1 .
To validate the microarray data and to examine whether the effect was applicable to other neuroblastoma cell lines, we performed RT-PCR analysis of SLC7A11, HMOX1, ULBP1, SNORD41 and CHAC1 gene expression in BE(2)-C and CHP134 cells after transfection with control siRNA, LYAR siRNA-1 or LYAR siRNA-2. The RT-PCR data showed upregulation of SLC7A11, HMOX1, ULBP1, SNORD41 and CHAC1, after knocking down LYAR in both BE(2)-C and CHP134 cells (Figures 3b, c and Supplementary Figure S1 ).
As LYAR is known to repress gene transcription by binding to target gene promoters, we next performed ChIP assays in BE(2)-C cells, using an anti-LYAR antibody or control IgG, and PCR with primers targeting a negative control region or the proximal promoter regions of the LYAR target genes SLC7A11, CHAC1, ULBP1, SNORD41 (Supplementary Figure S2 ) and HMOX1 (as described in ref. 14) . The ChIP assays showed that the LYAR antibody efficiently immunoprecipitated the SLC7A11, CHAC1, ULBP1, SNORD41 and HMOX1 gene promoters (Figure 3d ). Taken together, these data indicate that LYAR represses the expression of the oxidative stress genes by binding to their gene promoters in human neuroblastoma cells.
Knocking down LYAR reduces neuroblastoma cell proliferation and viability through upregulating CHAC1 expression and inducing oxidative stress. Although SLC7A11 and HMOX1 are well known to be upregulated in response to oxidative stress and to protect cells against apoptosis, [15] [16] [17] CHAC1 induces robust depletion of intracellular glutathione and has an important role in oxidative stress-induced apoptosis. 18, 19 We therefore examined whether upregulation of CHAC1 is responsible for LYAR siRNA-induced reduction in neuroblastoma cell proliferation and viability. As shown in Figure 4a , transfection with two independent CHAC1 siRNAs, targeting different regions of the mRNA, resulted in CHAC1 gene knockdown. BrdU incorporation assays showed that knocking down LYAR alone, but not CHAC1 alone, considerably reduced BrdU incorporation into BE(2)-C and CHP134 cells. Importantly, co-transfection with CHAC1 siRNA largely blocked LYAR siRNA-mediated reduction in neuroblastoma cell proliferation ( Figure 4b ). Alamar blue assays showed that knocking down LYAR alone, but not CHAC1 alone, considerably reduced the number of viable neuroblastoma cells. Importantly, co-transfection with CHAC1 siRNA largely blocked LYAR siRNA-mediated reduction in the number of viable BE (2)-C and CHP134 cells (Figure 4c ). CHAC1 is well-known to exert biological effects through depleting glutathione and therefore inducing oxidative stress. 18, 19 We examined whether knocking down LYAR induced oxidative stress, and whether co-suppression of CHAC1 blocked the effect. BE(2)-C cells were transfected with control siRNA, LYAR siRNA-1, CHAC1 siRNA-1 or combination of LYAR siRNA-1 and CHAC1 siRNA-1, and CHP134 cells were transfected with control siRNA, LYAR siRNA-2, CHAC1 siRNA-2 or combination of LYAR siRNA-2 and CHAC1 siRNA-2. Dichlorodihydrofluorescin diacetate (DCFH-DA) assays showed that knocking down LYAR alone, but not CHAC1 alone, considerably induced oxidative stress in BE(2)-C and CHP134 cells. Importantly, co-transfection with CHAC1 siRNA largely blocked LYAR siRNA-mediated oxidative stress in neuroblastoma cells ( Figure 5a ). Next, BE(2)-C and CHP134 cells were transfected with control siRNA, LYAR siRNA-1 or LYAR siRNA-2, followed by treatment with N-acetyl-L-cysteine (NAC), a cysteine analogue and glutathione supplement. 20 Alamar blue assays showed that transfection with LYAR siRNAs considerably reduced the number of viable neuroblastoma cells, that treatment with NAC alone did not have an effect, and that treatment with (2)-C and CHP134 cells were transfected with control siRNA, LYAR siRNA-1, CHAC1 siRNA-1, LYAR siRNA-2, CHAC1 siRNA-2, LYAR siRNA-1 plus CHAC1 siRNA-1, or LYAR siRNA-2 plus CHAC1 siRNA-2 for 72 h, followed by incubation with BrdU for 6 h. BrdU incorporation was measured as optical density units of absorbance, and expressed as percentage changes relative to control siRNA-transfected samples. (c) BE(2)-C and CHP134 cells were transfected with control siRNA, LYAR siRNA-1, CHAC1 siRNA-1, LYAR siRNA-2, CHAC1 siRNA-2, LYAR siRNA-1 plus CHAC1 siRNA-1, or LYAR siRNA-2 plus CHAC1 siRNA-2. Seventy-two hours later, the cells were subjected to Alamar blue assays. The numbers of viable cells were expressed as percentage changes. Error bars represented S.E. *Po0.05, **Po0.01 and ***Po0.001 NAC dose-dependently blocked the effect of LYAR siRNAs in both BE(2)-C and CHP134 cells (Figure 5b) . Together, these data indicate that LYAR increases the number of viable neuroblastoma cells through reducing CHAC1 expression and consequently blocking CHAC1-mediated oxidative stress.
LYAR induces neuroblastoma cell survival by reducing CHAC1 gene expression. We next used flow cytometry to examine whether LYAR suppresses apoptosis through reducing CHAC1 gene expression. MYCN gene-amplified BE(2)-C and CHP134 cells were transfected with control siRNA, LYAR siRNA-1, LYAR siRNA-2, CHAC1 siRNA-1, CHAC1 siRNA-2, LYAR siRNA-1 plus CHAC1 siRNA-1, or LYAR siRNA-2 plus CHAC1 siRNA-2 for 72 h, followed by staining with propidium iodide (PI). Cell cycle analysis showed that transfection with LYAR siRNAs reduced the percentage of cells at the S phase and increased the percentage of cells at the sub-G1 phase, whereas transfection with CHAC1 siRNAs alone showed no effect. Importantly, co-transfection with CHAC1 siRNAs blocked the effect of LYAR siRNAs in both BE(2)-C and CHP134 cells (Figures 6a-d and Supplementary Figure S3 ). The data support a mechanism whereby LYAR induces neuroblastoma cell resistance to apoptosis by inhibiting CHAC1 gene expression.
High levels of LYAR gene expression in human neuroblastoma tissues independently predict poor event-free and overall survival in patients. To assess the clinical relevance of LYAR expression in neuroblastoma, we extracted LYAR gene expression and patient prognosis data from the publically available (http://r2.amc.nl) Versteeg 21 and Kocak 22, 23 microarray gene expression-patient prognosis data sets. Using the median of LYAR gene expression as a cut-off point, Kaplan-Meier analysis showed an association between high levels of LYAR gene expression in neuroblastoma tissues and reduced overall survival (Figure 7a ) or event-free survival (Figure 7b ), in the Versteeg and Kocak cohorts of 88 patients and 476 patients. In addition, high levels of LYAR gene expression in the 72 MYCN-amplified neuroblastoma tissues were positively associated with poor patient event-free and overall survival in the large Kocak data set (Figure 7c ). Importantly, using the median and upper quartile of LYAR gene expression as cut-off points, multivariate Cox regression analysis showed that high levels of LYAR expression in neuroblastoma tissues strongly associated with reduced event-free and overall survival, independent of disease stage, age at the time of diagnosis and MYCN amplification status (Table 1) , the current most important prognostic markers for neuroblastoma patients. 
Discussion
The N-Myc and c-Myc oncoproteins are well known to modulate gene transcription by direct binding to Myc responsive element E-Boxes at target gene promoters, leading to transcriptional activation. 8, 24, 25 In this study, we have identified a canonical E-Box at the LYAR gene core promoter. ChIP assays showed that immunoprecipitation with an anti-N-Myc antibody efficiently immunoprecipitated the LYAR gene core promoter containing the E-Box, and that the enrichment of the LYAR gene core promoter by the anti-N-Myc antibody was blocked in the neuroblastoma cells after N-Myc gene knockdown. RT-PCR and immunoblot analyses showed LYAR upregulation following ectopic N-Myc overexpression and LYAR downregulation following N-Myc gene knockdown. Taken together, the data suggest that N-Myc induces LYAR gene expression by direct binding to its core promoter.
LYAR is a nucleolar and nuclear protein with zinc finger DNA-binding motifs. 26 Recent studies have shown that LYAR suppresses gene expression by forming a protein complex with the protein arginine methyltransferase PRMT5. 12 In this study, we have performed Affymetrix microarray differential gene expression and RT-PCR validation studies, and found that knocking down LYAR considerably upregulates the expression of genes involved in the oxidative stress pathway including SLC7A11, ULBP1, HMOX1 and CHAC1. As ChIP assays confirm that LYAR protein binds to the SLC7A11, ULBP1, HMOX1 and CHAC1 gene promoters, our data suggest that LYAR represses the oxidative stress gene transcription by binding to their gene promoters.
SLC7A11 gene expression is upregulated in response to oxidative stress, and upregulation of SLC7A11 in tumour cells suppresses oxidative stress and tumour cell death by increasing intracellular cysteine and accelerating the production of glutathione. 15, 16 HMOX1 gene expression is also upregulated in response to oxidative stress, and upregulation of HMOX1 in tumour cells blocks oxidative stress-mediated apoptosis, induces tumour cell survival and tumourigenesis (reviewed in ref. 17) . Similarly, ULBP1 gene expression is upregulated in tumour cells upon oxidative stress, 27 and augments natural killer cell-mediated cytotoxicity of cancer cells. 28 By contrast, CHAC1 functions as a γ-glutamyl cyclotransferase to specifically degrade glutathione, and CHAC1 overexpression results in glutathione depletion, oxidative stress and apoptosis. 18, 19 In this study, we have found that knocking down LYAR gene expression upregulates SLC7A11, ULBP1, HMOX1 and CHAC1, induces oxidative stress and reduces neuroblastoma cell proliferation and survival, suggesting that LYAR exerts the biological effects mainly through upregulating CHAC1 expression.
Myc oncoproteins are among the most important oncogenes. However, Myc overexpression paradoxically induces apoptosis by promoting the transcription of pro-apoptosis genes such as p53, 9,10 and it is not clear how Myc overexpressing cells escape N-Myc-mediated apoptosis. In this study, we have demonstrated that knocking down CHAC1 gene expression blocks LYAR siRNA-induced oxidative stress, neuroblastoma cell growth inhibition and apoptosis. Consistent with this observation, treatment with the glutathione supplement NAC also blocks LYAR siRNA-induced cytotoxicity. As CHAC1 is well known to deplete cellular glutathione and induce oxidative stress, 18, 19 our data suggest that upregulation of LYAR by N-Myc protects neuroblastoma cells against oxidative stress-mediated apoptosis through reducing CHAC1 gene expression. Importantly, we have confirmed that high levels of LYAR gene expression in human neuroblastoma tissues correlates with poor prognosis in two independent cohorts of neuroblastoma patients, independent of disease stage, age at the time of diagnosis and MYCN gene amplification status (Table 1) , the current most potent prognostic markers for neuroblastoma patients. 2 The human neuroblastoma tissue data further confirm the important role of LYAR in neuroblastoma.
In summary, this study demonstrates that N-Myc upregulates LYAR gene expression by binding to its gene promoter, and that LYAR reduces the expression of oxidative stress genes including SLC7A11, ULBP1, HMOX1 and CHAC1 by binding to their gene promoters. LYAR induces neuroblastoma cell proliferation and survival through suppressing CHAC1-mediated oxidative stress. Importantly, a high level of LYAR gene expression in human neuroblastoma tissues predicts poor event-free and overall survival in patients, independent of well-known markers for poor prognosis. Taken together, our data suggest that LYAR induces proliferation and promotes survival of neuroblastoma cells by reducing the expression of oxidative stress genes such as CHAC1 and reducing oxidative stress, and identify LYAR as a novel co-factor in N-Myc oncogenesis siRNA transfection. The cells were transfected with siRNAs from Qiagen (Qiagen, Hamburg, Germany) using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) with the protocol we had well established.
29,30
Real-time RT-PCR. Gene expression in the neuroblastoma cells was examined by quantitative real-time PCR as we described previously with the expression of β-actin mRNA as loading control. 31, 32 Immunoblot analysis. For protein expression analysis by immunoblot, the cells were lysed with RIPA buffer 33 containing protease inhibitors and protein was extracted. After gel electrophoresis and western transfer, the membranes were probed with mouse anti-N-Myc (1:1000) and goat anti-LYAR (1:2000; both from Santa Cruz Biotech, CA, USA) antibodies. Protein bands were visualized with SuperSignal (Pierce, Rockford, IL, USA). The membranes were finally re-probed with an antibody against actin (1:10 000; Sigma, St. Louis, MO, USA) as loading control.
Alamar blue assays. Alamar blue assays were performed as we described previously. 33 Briefly, the cells were transfected with various siRNAs and/or treated with various concentrations of NAC in 96-well plates. After 72 h, the cells were incubated with Alamar blue (Invitrogen) for 5 h, and the plates were then read on a microplate reader at 570/595 nm. The results were calculated according to the optical density absorbance units and expressed as percentage change in the number of viable cells. BrdU incorporation assays. The BE(2)-C and CHP134 cells were transfected with control siRNA, LYAR siRNA-1, LYAR siRNA-2, CHAC1 siRNA-1, CHAC1 siRNA-2, LYAR siRNA-1+CHAC1 siRNA-1 or LYAR siRNA-2+CHAC1 siRNA-2 in 96-well plates for 72 h. The cells were then incubated with 5-bromo-2′-deoxyuridine (BrdU; Roche, Penzberg, Germany) for 2 h, fixed and incubated with peroxidase-conjugated anti-BrdU antibody. After washing, the peroxidase substrate containing tetramethyl-benzidine (TMB; Roche) was added and the plates were read on a microplate reader at 405 nm test wavelength and 415 nm reference wavelength. The results were calculated according to the optical density absorbance units and expressed as percentage changes in BrdU incorporation, proportional to the number of proliferating cells.
Cell cycle analysis. The neuroblastoma cells were transfected with different combinations of siRNAs. Seventy-two hours post transfection, the cells were collected and re-suspended at a concentration of 2 × 10 6 cells/ml in solution containing 2 μg/ml RNase (Sigma) and 50 μg/ml propidium iodide (Sigma). Flow cytometric analysis of the cells was carried out using FACS Calibur machine and FACS Diva software (Becton Dickinson, Bedford, MA, USA). The percentage of cells at each phase of the cell cycle was analysed.
Oxidative stress assays. Dichlorodihydrofluorescin diacetate (DCFH-DA) oxidative stress assays were performed with the OxiSelect Intracellular ROS Assay Kit (Cell Biolabs, San Diego, CA, USA). The BE(2)-C cells were transfected with control siRNA, LYAR siRNA-1, CHAC1 siRNA-1, or LYAR siRNA-1 plus CHAC1 siRNA-1, and CHP134 cells were transfected with control siRNA, LYAR siRNA-2, CHAC1 siRNA-2, or LYAR siRNA-2 plus CHAC1 siRNA-2 in 96-well plates for 72 h. The cells were then incubated with DCFH-DA for 1 h. Fluorescence was measured at 480 nm (excitation) and 530 nm (emission) wavelengths on a microplate reader. The results were calculated according to fluorescence intensity and expressed as percentage changes, adjusted according to the number of cells and relative to control siRNA-transfected cells.
Affymetrix microarray study. The BE(2)-C neuroblastoma cells were transfected with scrambled control siRNA, LYAR siRNA-1 or LYAR siRNA-2 for 32 h. RNA was then extracted from the cells with RNeasy mini kit (Qiagen), and differential gene expression was examined with Affymetrix microarray (Santa Clara, CA, USA). The results from the microarray hybridization were loaded into the statistical software environment R and analysed with Bioconductor packages, as we described previously. 34 ChIP assays. For analysing N-Myc protein binding to the LYAR gene promoter, ChIP assays were performed with an anti-N-Myc or control mouse antibody and real-time PCR with primers targeting a remote negative control region or the core promoter region of the LYAR gene with the protocol we have described. 29 For analysing LYAR protein binding to its target gene promoters, ChIP assays were performed with an anti-LYAR or control antibody and real-time PCR with primers targeting the negative control region or the SLC7A11, HMOX1, ULBP1, SNORD41 and CHAC1 gene promoters. Fold enrichment of the target gene promoters was calculated as the difference in PCR cycle thresholds obtained with the anti-N-Myc or LYAR antibody and with the control antibody. The sequences of primers used were: 5′-TGAAGCAAGTCTCTAAGAACCCAA-3′ (forward) and 5′-TTCAAATCCTGCCTT TGGCAC-3′ (reverse) for the negative control region; 5′-CCGTTGGCGTCACT TCCAC-3′ (forward) and 5′-AGCTACCTGCCTCTCAGGCT-3′ (reverse) for the LYAR gene promoter; 5′-AGGCTTCTCATGTGGCTGAT-3′ (forward) and 5′-CAAACCAGC TCAGCTTCCTC-3′ (reverse) for the SLC7A11 gene promoter; 5′-GCCGCCACTGA GTATTCCTA-3′ (forward) and 5′-GTTCCTTCCGTTCCTTCCAT-3′ (reverse) for the ULBP1 gene promoter; 5′-CTACCTGCCTGAGCTGATCC-3′ (forward) and 5′-GTC ATCAGGGGCTTGAGGT-3′ (reverse) for the SNORD41 gene promoter; 5′-CCCA GTTTCTCCATTTGCTC-3′ (forward) and 5′-CTCTGGGCGTCGTAAACTTC-3′ (reverse) for the CHAC1 gene promoter. The PCR primers for the HMOX gene promoter were from a published paper.
14 Statistical analysis. All data for statistical analysis were calculated as mean ± standard error. Differences were analysed for significance using ANOVA among groups or unpaired t-test for two groups. A probability value of 0.05 or less was considered significant. LYAR gene expression in 88 and 476 human neuroblastoma tissues were extracted from the publically available microarray gene expression Versteeg data set and Kocak data set downloaded from the R2 platform (http://r2.amc.nl). Survival analyses were performed according to the method of Kaplan and Meier and two-sided log-rank tests. 35 Multivariate survival analysis with Cox regression models were performed, following the inclusion of disease stage, age at the time of diagnosis and N-Myc gene amplification status, the current best known markers for neuroblastoma patient prognosis. 4 Probabilities of survival and hazard ratios were provided with 95% confidence intervals.
